Synthesis and characterization of Si nanowires and one-dimensional metal-Si heterojunctions. by Jiao, Yang. & Chinese University of Hong Kong Graduate School. Division of Physics.
Synthesis and Characterization of Si Nanowires and 
One-dimensional Metal-Si Heterojunctions 
JIAO Yang 
A Thesis Submitted in partial Fulfillment 
of the Requirements for the Degree of 
Master of Philosophy 
in 
Physics 
• The Chinese University of Hong Kong 
June 2005 
The Chinese University of Hong Kong holds the copyright of this thesis. Any 
person(s) intending to use a part or whole of the materials in the thesis in a proposed 
publication must seek copyright release from the Dean of the Graduate School. 
统系紹書圆 
~~UNIVERSITY 7 ^ / / 
’ .p^ lCRARY SYSTEM/>^ 
Abstract 
Si nanowires and one-dimensional (ID) metal-Si heterojunction structures have 
received much attention in recent years, due to their important roles in both 
nanodevices fabrication and fundamental studies. In this study, a modified method 
of synthesizing Si nanowires is developed at first. Using this method, the 
supersaturation level of Si during Si nanowires growth can be finely controlled. 
Based on this, ID Au-Si, Cu-Si, Au-Si02 and Zn-Si02 heterojunctions are then 
successfully fabricated by further introducing different metal sources into the 
synthesis. The microstructure of each individual system is carefully investigated. 
The mechanism for the formation of these heterostructures is discussed in detail, as 
well as the critical factors in the process such as the supersaturation level of source 
materials and the reductive environment. Among these ID metal-Si junction 
structures, the Au-Si heterojunction exhibits an interesting Au flow followed by Si 
nanobranch growth under the electron beam irradiation. It is found that 
nanochannels exist in-between the Si-core and the SiCVsheath close to the junction, 
which provide a flowing path for the melted Au at elevated temperatures induced by 
the electron beam irradiation. Chemical reaction between Au and Si during the 
flow process results in Au-Si alloy formation, which serves as the precursor for the 


















I would like to acknowledge my supervisor, Prof. Quan Li, for her patient 
guidance and helpful suggestions in my study. 
Sincere thanks are given to the staff in Central Lab, Mr. Andrew Li, Mr. M. H. 
Yeung, and Ms. Liang, for their instrumental assistance. 
I would like to thank my groupmates, Ms. Wang Juan, Ms. Fanny Kwong, Mr. 
Kenneth Wong, Dr. Shi Liang, Mr. Xu Yan ming, Mr. An Xi po, Ms. Cheristy Chong, 
Mr. Wang Xiao feng, and Mr. Zhou Min jie, for their sincere help and 
encouragement. 
iii 




Table of Content iv 
List of Figures ix 
List of Tables xiv 
Chapter 1 Introduction 1 
Chapter 2 Background of the Pseudo One-dimensional Si 
Crystal Growth 5 
2.1 Vapor-liquid-solid (VLS) Mechanism 5 
2.2 Oxide-assisted-growth (OAG) Mechanism 8 
2.3 Solid-liquid-solid Mechanism 10 
Chapter 3 Instrumentation 12 
iv 
3.1 Deposition Apparatus 12 
3.2 Scanning Electron Microscope (SEM) 14 
3.2.1 Principle of SEM 14 
3.2.2 Electron-specimen Interactions in SEM 14 
3.2.3 Imaging by Secondary Electron 15 
3.2.4 Elemental Analysis by Energy Dispersive X-ray 16 
3.3 Transmission Electron Microscope (TEM) 18 
3.3.1 Principle of the TEM 18 
3.3.2 Electron Specimen Interaction in TEM 18 
3.3.3 Electron Diffraction 19 
3.3.4 Contrast 20 
3.3.5 X-ray Microanalysis 22 
3.3.6 Energy-loss Spectrum and Element Distribution Image (elemental 
mapping) 22 
3.4 Scanning TEM (STEM) 23 
Chapter 4 Synthesis of SiNWs Using Si Wafer and H2 31 
4.1 Experiment 31 
4.2 Morphologies and Microstructures of the As-synthesized Nanowires 32 
V 
4.2.1 Morphologies and Microstructures of the Nanowires Synthesized 
Using SiO Powder as the Starting Material (control experiment) 32 
4.2.2 Morphologies and Microstructures of the Nanowires Synthesized 
Using Smashed Si Wafers as the Source Material 34 
4.3 Discussions 36 
4.3.1 Growth Mechanism of the Modified SiNW Synthesis Method 
(use smashed Si wafer) 36 
4.3.1.1 Comparison with the OAG 36 
4.3.1.2 Yield Dependence on the Surface Area of the Si Wafer 37 
4.3.1.3 The Importance o f H � 37 
4.3.2 Advantages of the Modified Method 38 
4.3.2.1 Stable and Low Supersaturation Level (in comparison with the 
conventional OAG method using SiO powder) 38 
4.3.2.2 A Possible Method to Achieve SiNW Doping 39 
Chapter 5 One-dimensional Au-Si Heterojunctions — 
Microstructure and Phase Evolution under Electron Beam 
Irradiation 48 
5.1 Experiment 48 
vi 
5.2 Microstructure Analysis of the As-synthesized 
One-dimensional Au-Si Heteroj unctions 49 
5.3 The Au Flow and Phase Evolution of the Au-Si Heteroj unctions 
under the Electron Beam Irradiation 51 
5.3.1 The Phenomenon 51 
5.3.2 The Mechanisms 52 
5.4 Conclusions 55 
Chapter 6 A General Route to Fabricate One-dimensional 
Metal-Si Heteroj unctions 65 
6.1 Experiment 65 
6.2 Common Morphology Descriptions (SEM) 66 
6.3 ID Au-Si Heterojunctions 66 
6.3.1 General Morphologies 66 
6.3.2 Effect of the Au Film Thickness on the Yield and Diameter of the 
Nanowire Products 68 
6.4 ID Cu-Si Heterojunctions 68 
6.5 ID Au-SiOi Heterojunctions 69 
6.6 ID Zn-SiOi Heterojunctions 70 
vii 
6.7 Result of the Control Experiments 70 
6.8 Discussions 70 
6.8.1 General Mechanism of the ID Si-metal Heterojunction Formation 70 
6.8.2 Source of the Si (vapor source and supersaturation control) 71 
6.8.3 Source of Metal 72 
6.8.4 Effect of the Reductive Atmosphere 73 
Chapter 7 Conclusions 83 
Reference 85 
viii 
List of Figures 
Figure 2-1 Equilibrium relations in the Au-Si system 7 
Figure 3-1 Schematic of the deposition apparatus 13 
Figure 3-2 Schematic of the principle of a SEM 17 
Figure 3-3 Electron specimen interaction processes and their 
corresponding interaction volumes 17 
Figure 3-4 Schematic of a TEM 25 
Figure 3-5 Schematic wave optics of diffraction mode (A) 
and image mode (B) in TEM 26 
Figure 3-6 Electron-specimen interactions in TEM 27 
Figure 3-7 Schematics of BF (A) and DF (B) image mode in TEM 27 
Figure 3-8 Schematic Electron-Loss Spectrometer optics 28 
Figure 3-9 Schematic of a dedicated STEM 29 
Figure 3-10 BF, ADF and HAADF detector in STEM 30 
Figure 4-1 SEM images of products locating at high (1200°C )， 
media (1050°C), and low (900°C) temperature 
zones, which synthesized using SiO powders as source 
materials 41 ix 
Figure 4-2 Low magnification TEM images and diffraction patterns 
of the products collected at �1 1 5 0 ° C regain, which synthesized 
using SiO powders as source materials 42 
Figure 4-3 Low magnification TEM image and diffraction pattern 
of the products collected at �1 0 5 0 ° C regain, which synthesized 
using SiO powders as source materials 42 
Figure 4-4 Low magnification and high-resolution TEM images of 
the products collected at �9 0 0 ° C regain, which synthesized 
using SiO powders as source materials 43 
Figure 4-5 SEM images of products locating at high (1150°C )， 
media (1000°C), and low (900°C) temperature zones, 
which synthesized using Si wafers as source materials 44 
Figure 4-6 Low magnification TEM images of the products collected 
at � 1 1 5 0 °C regain, which synthesized using Si wafers as source 
materials 45 
Figure 4-7 Low magnification TEM images of the products 
collected at � 1 0 0 0� C regain, which synthesized 
using Si wafers as source materials 45 
Figure 4-8 Low magnification and high-resolution TEM images 
of the products collected at � 9 0 0 °C regain, which synthesized 
using Si wafers as source materials 46 
Figure 4-9 Low magnification and high-resolution TEM images 
of the products collected at � 9 0 0 °C regain, which synthesized 
using p type Si wafers as source materials 46 
Figure 4-10 Low magnification and high-resolution TEM images 
of the products collected at � 9 0 0� C regain, which synthesized 
using n type Si wafers as source materials 47 
Figure 5-1 (a) SEM image of the as-synthesized sample, showing 
V 
nanowires with light/dark junctions; (b) Low magnification 
TEM image of single nanowire with junctions. 
The inset of (b) shows the tip morphology of the nanowire; 
(c), (d) The corresponding EELS mappings of the nanowire 
junction shown in (b)，taken by using the oxygen K edge at 
532 eV, and the silicon K edge at 1839 eV, respectively 57 
Figure 5-2 (a), (c) Low magnification TEM images of the as-synthesized, 
and the HF-etched nanowire junctions, respectively; (b), (d) The 
corresponding EDX spectra taken from the dark contrast region 
of (a) and (c), respectively. 58 
Figure 5-3 (a) Bright field XTEM image of the gold portion, which is 
wrapped by a Si02 sheath; (b)-(d), the corresponding elemental 
maps of (a), taken by using the Si K edge at 1839 eV, O K edge 
at 532 eV，and Au M edge at 2206 eV，respectively; 
(e) High-resolution image taken from the dark region 59 
Figure 5-4 (a) High-resolution image taken from the Si close to the 
Si-Au junction; (b) Low magnification TEM image of 
the Si core, which is wrapped by SiOi sheath; (c) the 
corresponding high-resolution image of the Si core in (b) 60 
Figure 5-5 Low magnification TEM images showing the flow process 
of Au when the focused electron beam is located at different 
position of the nanowire junction, as marked by the arrows 
in the individual figures 61 
Figure 5-6 High-resolution image of Si taken after the Au backflow to 
uncover the original Si surface 62 
Figure 5-7 High-resolution TEM images showing the epitaxial Si 
nanobranch growth process on the Si core, (a), (b), (c), 
and (d) are taken at Imin., 5 min., 10 min.，and 20 min.， 
after the focused electron beam is removed from the area 
xi 
of interest 63 
Figure 5-8 High-resolution image of the dark particle taken after the Si 
nanobranch growth is fully stopped 64 
Figure 6-1 SEM images of the Au-Si (a), Cu-Si (b) and Au-Si02 (c) 
heterostructures 76 
Figure 6-2 (a) Low magnification TEM image of the nanowire junctions 
synthesized using Au and Si as the source materials; 
(b) High-resolution image of one of the junction regions; 
(c) The dark field image of the nanowire junctions shown 
in (a), the line mark on the image shows the EDX scan 
path starting from the top to the bottom; 
(d) The corresponding EDX scan showing the evolution 
of Si, O and Au content of the nanowire junctions along 
the scan path 77 
Figure 6-3 SEM images of the products formed on the Au coated 
substrates, on which the Au is deposited for 15s (a), 
45s (b), 90s (c) and 150s (d), respectively 78 
Figure 6-4 Low magnification TEM images of the Au-Si juncitons 
formed on the Au coated substrates, on which the Au is 
deposited for 15s (a), 45s (b) and 90s (c), respectively 79 
Figure 6-5 (a) Low magnification TEM image showing the 
nanowire junctions synthesized using Cu and Si as the 
source materials; (b), (c)，(d) the corresponding elemental 
maps taken by using the Cu L edge at 901 eV, Si K edge 
at 1839 eV, and O K edge at 532 eV，respectively. 
(e) An enlarged TEM image showing a small portion 
of the Cu-Si nanowire junctions; 
(f) High-resolution image of such junction 
showing the crystalline lattice of both Si and Cu 80 
xii 
Figure 6-6 (a) Low magnification TEM image of the Si02 
nanowires with Au particles embedded; (b) High-resolution 
image of the Au particle; (c), (d) The corresponding EDX 
spectra taken from the particle and the wire regions, 
respectively 81 
Figure 6-7 (a) Low magnification TEM image of the SiCh nanowires 
with Zn particles embedded; (b), (c), (d) The corresponding 
elemental maps taken by using the Zn L edge at 1020 eV, 
Si K edge at 1839 eV，and O K edge at 532 eV, respectively; 
(e) High-resolution image of the Zn particle 82 
xiii 
List of Tables 
TABLE 2-1 Yields of Si nanowires for different experimental conditions 9 
xiv 
Chapter 1 Introduction 
The idea of building electronic devices at the nanometer scale using the 
bottom-up approach has promoted the research of various one dimensional (ID) 
nanostructured materials, as they are expected to serve as both the functional units 
and the wires that access them. Among these nanometerials, Si nanowires have 
received much attention due to the wide application of the Si technologies in the 
modem microelectronic industry. Several methods to synthesize Si nanowires have 
been successfully developed. The commonly employed methodologies include 
chemical vapor depositions, laser ablations, wet chemistry, etc., in which the Si 
nanowires growth are usually governed by either vapor liquid solid (VLS) or oxide 
assisted growth (OAG) mechanisms [1-4]. 
Recently, ID metal-silicon junctions are subjected to considerable interest with 
the regard of the metal contact to individual device remaining as the first step 
towards nanodevice integration, and such electrodes formed by lithography based 
method would define a much larger size scale than the nanometer-sized building 
block itself [5-7]. Some effort has been devoted to the synthesis of effective ID 
metal/Si junctions using different chemical/physical methods. Examples include 
the gold silicide-silicon junctions formed via chemical adsorption followed by 
electron beam irradiation, which method is limited by its non-selectivity [8], and the 
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NiSi2/Si nanowire heterostructures fabricated using wet chemistry approaches, which 
is actually the first one demonstrating the effective metallic/Si junction in the 
nanowire itself [7]. There are also several other studies, which can be found in the 
literatures under the topic of ID metal-Si heterostructures [9-11]. Nevertheless, 
most of them refer to metallic particle chains or nanowires wrapped by Si02 sheath, 
instead of the real metal-Si junctions. 
Among various metal-Si junctions, the Au-Si junction is always of special 
interest. Starting in the early seventies, the Au-Si junctions in bulk or thin film 
samples have been extensively investigated [12-17]. Despite the fact that the 
integrate circuit devices made via Au-Si junction would suffer from degradation due 
to the rapid diffusion of Au atoms and their deep trap center formation in Si, the 
study of Au/Si interface still raises interesting questions]； 16-18]. In fact, the phase 
evolution of Au-Si system from room temperature (RT) to elevated temperatures has 
been of continuous interest in recent years [15-17]. It is argued that chemical 
reaction between Au and Si, leading to Au-Si alloy formation with various 
compositions, would occur even at RT and continue at higher temperatures [15-18]. 
On the other hand, supersaturation and decomposition of the metastable silicide 
phases could result in single phase Si and/or Au [16，17]. Although Au has been 
widely used as the catalyst in the Si nanowires growth via the vapor-liquid-solid 
2 
(VLS) mechanism, in which the gold-particle/Si-nanowire junction is naturally 
generated, the spherical shape and the finite diameter of the Au-rich tip make it 
inappropriate to serve as effective contacts [19，20]. Several studies can be found 
under the topic of Au-Si ID heterostructures in recent literatures [9-11]. 
Unfortunately, as mentioned above, most of them actually discuss the Au/Si02 ID 
heterostructures instead of the real Au/Si heterojunction, let alone any study on the 
possible Au-Si interaction and phase evolution of such junction. 
In the present study, we aim at finding simple methods to synthesize Si 
nanowires and ID metal-Si heterojunciton structures. Special attention is paid to 
the Au-Si junction system due to its unique nature. 
Chapter 2 introduces the background of the present study, with discussions 
mainly on several well established mechanisms for Si nanowires growth via the 
vapor phase (VLS and OAG mechanisms) and ID metal-Si02 heterostructures 
growth via the solid-liquid-solid (SLS) mechanism. Chapter 3 describes the 
equipment and techniques employed for various Si-based nanostructures growth and 
characterizations. The physical principles of various techniques involved are also 
illustrated. In Chapter 4，we start with a modified method of synthesizing Si 
nanowires based on the OAG mechanism via simple thermal evaporation, which 
turns out to be critical for the later fabrication of ID metal-Si heterojunction 
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structures. In Chapter 5, the ID Si-Au heterojunction is demonstrated. The Au-Si 
heterojunction exhibits interesting Au flow and phase evolution under the electron 
beam irradiation, which is the main focus of chapter 5. In Chapter 6，the 
methodology used for the ID Au-Si heterojunctions growth is demonstrated to be 
applicable to several other Si-metal systems. The ID Cu-Si, Au-Si02 and Zn-Si02 
heterojunctions are also successfully achieved. The microstructure of each of the 
individual system is carefully investigated, based on which results the formation 
mechanisms of these ID heterojunctions are discussed in detail. At last, Chapter 7 
summarizes the main results of this study. 
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Chapter 2 Background of the Pseudo One-dimensional Si Crystal 
Growth 
2.1 Vapor-liquid-solid (VLS) Mechanism 
In 1960's whisker as a most desirable structural component began to attract 
people's attention. The high tensile strength of these micron-size diameter single 
crystals stimulated exploratory studies of their character, behavior, and application 
[21]. Whisker growth thus became a necessary and important phase of whisker 
technology then. In 1964，based on the detailed studies of the morphology and 
growth of silicon whiskers, Wagner and Ellis defined a new concept of crystal 
growth from the vapor involving impurity catalyzed growth, which they called 
vapor-liquid-solid (VLS) mechanism [22]. Since then, few papers on vapor whisker 
growth could omit such mechanism, as VLS growth become more and more evident 
[23]. 
In the VLS mechanism, the role of the impurity is to form a liquid alloy droplet 
of relatively low solidification temperature. Once formed, the liquid droplet act as a 
preferrable site for the absorption of the source material from the vapor phase (as the 
surface of the liquid usually has a large accommodation coefficient compared to the 
solid phase). Eventually the liquid droplet gets supersaturated with the source 
material and the whisker grows by precipitation of the source material from the 
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liquid droplet. 
Wagner and Ellis first demonstrated such mechanism in the Si whisker growth 
using All as the impurity. Briefly, a mixture of H2 and SiCU is introduced into the 
deposition system for the purpose of Si vapor phase supply (2H2+SiCl4= Si+ 4HC1). 
A small amount of Au particle is placed on the surface of a Si wafer and heated up to 
950°C, T l in Figure 2-1，to form the Au-Si liquid alloy droplet with composition of 
the equilibrium one, Cl2. The Si substrate is dissolved during the alloying process 
for the supply of the Si in the alloy droplet. Such liquid Au-Si alloy is a preferential 
sink for Si atoms from the vapor phase. With the continuous adsorption of Si atoms 
the liquid alloy becomes supersaturated with Si to a value critical for the growth of Si 
at the solid-liquid interface. The solid-liquid interface is faceted, being composed of 
the slow-dissolving or slow-growing {111} crystal planes of Si. This is explained by 
the minimum interfacial energy between {111} faceted planes of Si and the Au. 
During the early stage, the substrate material, which has been dissolved during the 
alloying process, can be regrown. Subsequently, the liquid droplet rises from the 
original substrate surface atop the growing crystal. The Si whisker grows 
perpendicular to its {111} interface thus has the < 1 1 1 �g r o w t h direction. With the 
{111} Si wafer used as the substrate, the Si whiskers will grow normal to the 
substrate surface; while when a {211} Si surface is used, whiskers grown on such a 
6 
substrate are then inclined by 19.47�with respect to the <211�subs t ra te normal [19, 
22]. 
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Figure 2-1 Equilibrium relations in the Au-Si system [19] 
Moreover, for the VLS growth, the liquid-forming impurity does not have to be 
in contact with a substrate, as similar results are obtained by co-deposition (with Pt, 
Ag, Pd, Cu, or Ni). If Au is the agent with Si available from the vapor, the particle 
of Au, for example, may be free in space or on an inert support, such as fused silica. 
As soon as Si is formed at temperature Tl , a liquid alloy film of composition Cl. is 
formed on the surface of the Au particle. During subsequent deposition of Si, the 
liquid layer spreads and thickens until all solid gold is dissolved. From this point 
and on, the composition of the liquid droplet increases from Cli , to Cli, a higher Si 
concentration. Since the deposition is carried out at constant temperature, the liquid 
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droplet saturates with Si at Cl2. The Si content of the liquid further increases and 
supersaturation results. When the supersaturation is large enough, a Si crystal 
nucleates (via precipitation). The liquid is now in contact with solid Si, and the 
liquid composition will be again close to the equilibrium value Cl2. VLS crystal 
growth now proceeds as discussed before [19，22]. 
In the early work of the Si whisker growth, the lower limit of the whisker 
diameter is generally > O.ljam，which is limited by the minimum diameter of the 
liquid metal catalyst that can be achieved under equilibrium conditions. In 1998， 
Lieber's group successfully synthesized Si nanowires with diameter below 20 nm by 
exploiting laser ablation of the metal (Fe, Ni or Au) containing Si target, which gave 
rise to nanometer-diametered catalyst clusters that subsequently define the size of 
wires produced by the VLS mechanism [20]. Later on in the year of 2004，Si 
nanowires with diameter approaching the molecular regime (~3 nm) were achieved 
by the same group using monodispersed Au colloid to catalyze the ID Si nanowires 
growth. The capability of preparing well-defined molecular scale single crystal 
silicon nanowires opens up new opportunities for both fundamental studies and 
nanodevice applications [24]. 
2.2 Oxide-assisted-growth (OAG) Mechanism 
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The shortcoming of the VLS-govemed Si nanowire growth lies in the 
mechanism itself, i.e., impurities must be introduced as the catalyst. Aiming at 
synthesizing phase pure Si nanowires without post-growth purification, several 
groups have been devoted to seeking alternative method for the Si nanowires growth. 
Among them, Lee's group has successfully demonstrated the Si nanowires growth 
via thermal evaporation of the SiO powder in the absence of any catalyst. [25]. In 
their later investigations, similar metal-free Si nanowires were also obtained using 
thermal evaporation of Si and Si02 powder mixtures, with a proper amount of Si02 
in the source significantly enhancing the Si nanowire growth (Table 2-1 demonstrates 
this effect) [26]. 
TABLE 2-1 Yields of Si nanowires for different experimental conditions [26] 
Target (wt.%) Furnace temperature (°C) Yield (mg) 
Si + 1-30/0 Fe 1200 � 0 . 1 
Si wafer 1200 <0.01 
Si powder 1200 <0.01 
Si + 5% Si02 1200 �0 . 3 
Si + 10% Si02 1200 � 0 . 5 
Si + 30% Si02 1200 � 2 . 5 
Si + 50% Si02 1200 � 3 . 0 
Si + 70% Si02 1200 �2 . 5 
Si + 90% Si02 1200 �0 . 5 
Si02 1200 0 
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In the oxide assisted Si nanowire growth process, Both Si and Si02 would result 
from the disproportionation reaction of the SiO vapor (which is supplied either by the 
evaporation of the SiO powder or the reaction between Si and Si02 powders at 
elevated temperatures), as described by the following equation: 2SiO = S i O �+ Si. 
Si clusters nucleate and grow from the vapor phase when supersaturation is achieved, 
while the oxide prefers to terminate the {111} or {100} surface of the Si. As a 
consequence, the growth of Si crystal along the <111�direc t ions is inhibited and the 
growth along specific direction(s) becomes dominant [27]. Therefore Si nanowires 
following the OAG mechanism usually grow along the Si crystalline < 1 1 2 �o r < 1 1 0 � 
direction, with the {111} or {100} planes as the termination surfaces, respectively. 
2.3 Solid-liquid-solid Mechanism 
Another representative method of the Si nanowire growth is the so-called 
solid-liquid-solid (SLS) growth mechanism, in which the Si source comes from the 
solid instead of the vapor phase. Generally, a piece of Si substrate with thin 
metallic coating on surface is directly heated in an Ar (or Ar + H2) atmosphere 
without any other Si vapor supply [28，29]. The deposited metallic film reacts with 
the Si substrate at elevated temperatures, and forms liquid alloy droplets. Due to 
the concentration gradient in the subsurface layer of the substrate, more Si atoms 
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diffuse from the innner substrate region to the alloy droplets through the solid 
(substrate)-liquid (alloy droplet) interface. When the liquid droplets become 
supersaturated with Si, a second liquid-solid (nanowire) interface would form and 
result in the growth of Si nanowires [28]. Nevertheless, the reported nanowires 
growing in this manner are all amorphous silicon oxide wires but with some of them 
having metal particles embedded [29]. 
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Chapter 3 Instrumentation 
3.1 Deposition Apparatus 
A schematic set up for the nanowire synthesis in this study is shown in Figure 3-1. 
The alumina tube ((l)40mm x 800mm) is inserted in a high temperature furnace. 
One end of the tube is connected to a vacuum pump and the other one to a gas flow 
controller then the gas cylinder. Source materials are usually located at the center 
and substrates the downstream of the tube. During the experiments, the temperature 
at the center of the tube is kept at 1300�C, while that at both ends of the tube is 
maintained at �2 0 ° C via the cooling system. In this way, a temperature gradient 
can be achieved along the tube. The base pressure in the tube can be pre-evacuated 
to 3x10-2 mbar, and the total pressure is maintained at 300 mbar during the synthesis 
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Figure 3-1 Schematic of the deposition apparatus 
3.2 Scanning Electron Microscope (SEM) 
3.2.1 Principle of SEM 
13 
The principle of SEM is shown in Figure 3-2 [30]. Electrons from a 
thermionic or filed-emission cathode are accelerated by a voltage of 1-50 kV 
between cathode and anode. Demagnified by two- or three-stage electron lens 
system, an electron probe of diameter 1-10 nm with a current of - A is 
formed at the specimen surface. A deflection coil system in front of the last lens 
enables the electron probe to scan across the specimen. The subsequent signals 
from the specimen are then detected and recorded "point" by "point", corresponding 
to the location of the electron probe on the specimen. 
3.2.2 Electron-specimen Interactions in SEM 
A variety of electron-specimen interactions can be utilized to form an image and 
to generate qualitative and quantitative information. Figure 3-3 shows 
schematically the most important electron specimen interaction processes and their 
corresponding interaction volumes [30]. Part of the primary electrons are scattered 
from the specimen subsequently after the incidence. They are known as the 
Backscattered Electrons (BSE), which eject as a result of the multiple scattering(s). 
During the electron-specimen interaction, some loosely bound conduction electrons 
in the specimen are excited and ejected from the specimen surface, leading to the 
Secondary Electrons (SE) emission. Interaction with the energetic incident 
electrons can also ionize the tightly bound inner-shell electrons, leaving the atom in a 
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highly energetic state. Subsequent de-excitation process results in the emission of 
characteristic x-rays and Auger electrons. Specifically, an electron from an upper 
shell fills the vacancy in the ionized shell and release energy equating to E2 -E i (E2 
and El are the energy level of the upper and ionized shell, respectively). The 
released energy can be converted to an x-ray photon of energy hv = E2 -E i or be 
transferred to another atomic electron, which leaves the specimen as an Auger 
electron with a characteristic kinetic energy of E2 -Ei 一 cp (cp is the summation of the 
ionization energy of the leaving electron and the work function of the specimen). 
3.2.3 Imaging by Secondary Electron 
The SE mode is the most useful one because the SE can be collected easily by 
means of a positively biased collector grid placed on one side of the specimen, 
thanks to their low exit energy of a few electronvolts. Behind the collector grid, the 
SE are accelerated onto a scintillator biased at + 10 kV and the light quanta generated 
are recorded by a photomultiplier. The dependence of the SE yield on the tilt angle 
of a surface element, the enhanced emission at edges and small particles, and the 
shadow contrast resulting from the incomplete collection, can be used to image the 
surface topography. 
The SE signal also contains material contrast which is caused by local variations 
of the secondary electron yield that cannot be attributed to differences in surface tilt. 
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The SE yield 6 exited by the primary high-energy electrons increases monotonically 
with the atomic number increase, although such increase is less than that of the 
backscattering coefficient r| and the measured values of 5 show a larger scatter 
around a mean curve. The main contribution to this increase of 5(Z) can be 
attributed to SE excited by the BSE on their trajectories through the surface layer and 
the pole-piece plate. At electron energies above 5 keV，therefore, the SE image 
shows the same material contrast as the BSE image does. 
3.2.4 Elemental Analysis by Energy Dispersive X-ray 
Most SEMs are equipped with an energy-dispersive lithium-drifted silicon 
detector, which allows characteristic x-ray lines to be recorded. Qualitative and 
quantitative x-ray analysis on the specimen can thus be processed. 
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Figure 3-2 Schematic of the principle of a SEM [30] 
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Figure 3-3 Electron specimen interaction processes and their corresponding 
interaction volumes [30] 
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3.3 Transmission Electron Microscope (TEM) 
3.3.1 Principle of the TEM 
A transmission electron microscope mainly consists of an electron gun, several 
sets of electronmagnetic lenses, and a data recording system (Figure 3-4 [31]). 
Specimen is inserted in-between the second condenser lens and objective lens. In 
the electron gun, electrons ejecting from either a thermionic or filed-emission 
cathode are accelerated by a high voltage which can vary from 80 kV to 3 Mv. The 
accelerated electrons are then converged by the two sets of condenser lenses and 
irradiate the specimen. After scattering with the specimen, the transmitting 
electrons contain both structural and chemical information about the specimen. It is 
finally refracted and projected on to recording system by the objective lens, 
intermediate lens and projector lens. Both the electron diffraction pattern and the 
projected image of the specimen can be observed on the view screen (the schematic 
wave optics are shown in Figure 3-5 [32]). All of the corresponding specimen 
information can be recorded by either direct exposure of conventional photographic 
plate or a fluorescent screen coupled with a fiber-optic plate to a CCD camera 
digitally. 
3.3.2 Electron Specimen Interaction in TEM 
Signals that can be generated during the interaction of the high-energy electron 
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beam and a thin specimen are summarized in Figure 3-6 [32]. Most of these signals 
have been introduced in the SEM section. In TEM, due to the extremely high 
acceleration voltage, the electron transmission is greatly enhanced and strongly 
forward scattering becomes dominant compared to other scattering processes. 
Electrons can be treated as particles, for which the electron scattering can be 
categorized into elastic and inelastic in nature, determined by whether the electrons 
have suffered from energy loss or not during the scattering process. When 
considering the electrons as wave, the terms of coherent and incoherent are 
commonly used, indicating their phase relations. 
3.3.3 Electron Diffraction 
If the incident electron beam is close to a zone axis of a single crystalline 
specimen, periodically arranged 2-dimensional spots will appear. These spots 
originate from the diffracted planes satisfying the Bragg's law, 2dsineB = nk (d is the 
distance between two adjoining atomic planes, 0b is the angle between incident 
electron beam and the atomic planes, n is integral, and X is wavelength of the 
incident electron beam). Polycrystalline specimens with random crystal 
orientations result in diffraction spots distributed randomly in the azimuthal direction. 
The diffraction pattern of an amorphous material consists of diffused rings, which are 
caused by the short range atomic ordering in the specimen. 
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It is obvious that we can determine whether the specimen is crystalline just from 
the type of diffraction patterns observed (as stated above). Moreover, detailed 
analysis of the diffraction patterns can also provide us with the lattice symmetry and 
the inter-plane distance in the case of the crystalline specimen, and the 
nearest-neighbor structure in the case of amorphous specimens. 
3.3.4 Contrast 
The image contrast (C) can be quantitatively defined in terms of the difference 
in intensity (AI) between two adjacent areas 
C = (l2 - I i ) / I i=AI/I i 
Several different kinds of contrasts are available in TEM images, which are 
illustrated in details in the following paragraphs. 
Mass-thickness Contrast 
When electron beam transmits a specimen with non-uniform mass density or 
thickness distribution, it will be scattered to different extend in the different areas of 
the specimen. The thicker regions or those with larger mass will result in severer 
electron scatterings and larger scattering angles. Following this principle, 
mass-thickness contrast arises in the specimen image, reflecting the difference 
among different regions of the specimen in mass or thickness. 
Diffraction Contrast 
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Diffraction contrast reflects the difference among different regions in crystal 
specimen in terms of satisfying the Bragg diffraction condition. We can create such 
contrast in TEM images by placing the objective aperture (diaphragm) covering the 
incident beam or any diffracted beam(s) to form Bright Filed (BF) or Dark Filed (DF) 
image, as shown schematically in Figure 3-7 [32]. In order to obtain strong 
diffraction contrast in both BF and DF images, we could also tilt the specimen to a 
two-beam condition, in which only one diffracted beam is strong, and the direct 
beam is the other strong spot in the diffraction pattern. Such technique is extremely 
useful for the defect analysis in crystalline solid. 
Phase Contrast 
Contrast in TEM images can also arise due to the differences in the phase of the 
electron waves scattered by a thin specimen. High-Resolution TEM (HRTEM) 
image, in which the crystal lattice planes can be resolved, is a special case of phase 
contrast images. If the specimen is thin enough, it can be approximately considered 
that only the phase of electron wave is modified by the potential field of the atoms in 
the specimen, while the amplitude of the electron wave remains constant. As the 
electron wave transmits through the specimen, additional phase shift that depends on 
scattering angle, the spherical-aberration constant Cs and the defocusing Az is added 
on due to the imperfection of the lens system. The finally phase contrast in the 
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image is formed by the interference of many electron waves. It is determined by 
both the potential field of the specimen and the imperfections of the lens system. 
However, under the proper defocus condition (known as the Schetzer defocus), the 
contrast will reflect the potential field directly and thus the atomic arrangement of the 
specimen. 
3.3.5 X-ray Microanalysis 
As characteristic x-rays generated during the electron-specimen scattering, 
equipped with x-ray detector and spectrometer TEM can do x-ray analysis of the 
specimen as well. Moreover, x-ray production in thin specimens is confined to the 
small volume excited by the small electron probe, thus better spatial resolution is 
achieved. 
3.3.6 Energy-loss Spectrum and Element Distribution Image (elemental mapping) 
When the electron beam traverses a thin specimen, it loses energy by a variety 
of processes. The resulted inelastically scattered electrons can be dispersed by a 
Electron Energy-Loss Spectrometer (EELS) and thus the information they contain be 
quantified. Figure 3-8 [32] shows the spectrometer optics schematically. 
There are three principal regions of an energy-loss spectrum: (1) The zero-loss 
peak, which consist primarily of elastically forward-scattered electrons, but with a 
small portion of electrons that have suffered phonon losses. (2) The low-loss region 
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up to an energy loss of � 5 0 eV contains electrons, which have interacted with the 
weakly bound outer-shell electrons of the atoms in the specimen. (3) Electrons in 
the high-loss region have interacted with the more tightly bound inner-shell or "core" 
electrons. These different regimes of energy losses can give us different 
information about the specimen. The zero-loss peak defines the equipment energy 
resolution and is essential in calibrating the spectrum. The electrons in the low-loss 
region have interacted with outer-shell electrons (valence electrons) in the specimen, 
so that contain information about the electronic structure near the Fermi level. The 
electrons in the high-loss region have "probed" the inner electron shells and therefore 
contain information characteristic of the element(s) in the specimen. 
We can select the electrons in any loss region of the EELS spectrum and use 
them to form an image in an analog manner. 
3.4 Scanning TEM (STEM) 
Unlike the conventional transmission mode of a TEM, in which the whole 
imaged specimen area is illuminated simultaneously, in STEM the specimen is 
scanned in a raster point-by-point with a small electron probe in the scanning 
transmission mode. Usually additional condenser lens is needed to form the small 
electron probe with diameter of 1-5 nm. In a dedicated STEM, the diameter of the 
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probe can be reduced to 0.1-0.5 nm. Figure 3-9 [31] show a schematic of this type 
of microscope. 
In STEM we select direct or scattered electron beams to form BF and DF 
images using detectors (BF on-axis detector, annular DF—ADF detector and 
high-angle ADF—HAADF detector) rather than apertures, as shown in Figure 3-10 
[32]. At high angles (> 5。)，coherent scattering is negligible. The intensity of 
those electron beams collected by ADF or HAADF detectors depends on atomic 
number (Z) only. Therefore we can obtain the so-called Z contrast image, which 
contains elemental information like that in BSE images in the SEM, but with the 
possibility of achieving atomic resolution. 
Since the electron probe is much smaller in a STEM, the spatial resolution of 
x-ray microanalysis is highly improved. In addition, we can process a line scan on 
the specimen; the obtained characteristic x-ray spectrum would reveal the 
composition variation of the sample along the scan direction. 
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Chapter 4 Synthesis of SiNWs Using Si Wafer and H2 
In this chapter, a modified method to synthesize Si nanowires (SiNWs) based on the 
oxide-assisted SiNWs growth mechanism (OAG) via thermal evaporation is 
introduced. Microstructure analysis of the as-synthesized Si nanowires is presented 
in detail. The growth mechanism and advantages of this method are also discussed, 
as a comparison to the OAG. 
4.1 Experiment 
The fabrication process was carried in a high temperature vacuum tube furnace, 
whose setting has been introduced in Chapter 3. Several pieces of smashed Si 
wafers were loaded on an alumina boat, which was placed at the center of the 
alumina tube. Another alumina boat with several pieces of small Si wafers (or 
sapphire substrates) on it was placed at the downstream of the tube for products 
collection. The tube was then pumped to 3 x 1 T o r r . Ar-1 OVoRi gas mixtures were 
introduced into the tube at a constant flow rate of 100 seem. The total pressure was 
maintained at 300 mBar during the fabrication process. The furnace was kept at 
1300 °C for two to four hours before it was cooled down to room temperature. 
Three different types of Si wafers, i.e., those without doping (with 
high-resistance), highly doped n-type (0.25-1 Q • cm) and p-type (1-10 Q. • cm), 
were used as the starting materials in different runs. In the control experiment, 
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SiO/Si powder mixtures were used as the source material, and pure Ar was chosen as 
the carrier gas, while other experimental conditions were the same as above. 
The general morphology of the as-synthesized samples were examined by 
scanning electron microscopy (SEM, LEO 1450VP). The detailed microstructures 
of the sample were investigated using transmission electron microscopy (TEM). A 
Tecnai 20 microscope (FEG, operating at 200kV) was employed for various 
TEM-related studies, including the conventional low magnification TEM imaging, 
electron diffraction, and high-resolution imaging. TEM samples were prepared by 
fishing the products on the carbon films. 
4.2 Morphologies and Microstructures of the As-synthesized Nanowires 
4.2.1 Morphologies and Microstructures of the Nanowires Synthesized Using SiO 
Powder as the Starting Material (control experiment) 
When using SiO powder as the starting material, a significant amount of the 
products are found on the alumina boat loaded at the downstream of the alumina tube, 
covering several centimeters of its surface. Obviously, these products have 
occupied several temperature zones ranging form �1200°C to ~850°C, the calibration 
of which has been described in Chapter 3. From the high temperature to the low 
temperature zone, the appearance of the products changes from dust-like to fine 
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wool-like morphology, their color also changes gradually from grey to yellow-brown, 
and finally to dark-brown. 
Figure 4-la, 4- lb and 4-lc show the SEM images taken from the products 
located at the high (�1200�C)，medium (�1050°C)，and low (~900°C) temperature 
zone, respectively. All of them have one-dimensional or quasi-one-dimensional 
morphology, with an average length of more than 10 jim. Their diameters 
decrease from more than 200 nm to several tens nanometers from the high to the low 
temperature zone. Products located at the high temperature zone are mixtures of 
amorphous SiOx nanowires and single crystalline Si nanowires wrapped by a thick 
amorphous SiOx sheath, as suggested by their corresponding low magnification 
TEM images and the diffraction patterns in Figure 4-2. Products located at the 
medium temperature zone are Si nanowires with very rough surface as demonstrated 
in Figure 4-3a. Large quantities of Si particles deposit at the surface of the original 
(single crystalline) Si nanowires, as indicated by the polycrystalline diffraction rings 
observed in Figure 4-3b. Figure 4-4a shows the low magnification TEM image of 
the products located at the low temperature zone, where uniform Si nanowires with 
small diameter (~20nm) can be clearly seen. The corresponding high-resolution 
image (Figure 4-4b) is taken from single nanowire, demonstrating its single 
crystalline nature. High-resolution electron microscopy study of several tens of 
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such nanowires suggests that most of them have a growth direction of the crystalline 
Si <112�direct ion. A thin SiOx layer wrapping the Si wire surface is also observed 
with a thickness of � 3 - 5 nm. 
4.2.2 Morphologies and Microstructures of the Nanowires Synthesized Using 
Smashed Si Wafers as the Source Material 
The amount of the products synthesized using a few smashed Si wafers as the 
source is much less when compared to that obtained using SiO/Si powder as the 
starting material. Only a very thin layer of dark-brown wool-like product is found 
to attach on the alumina boat, covering a shorter range of its surface (from �1000°C 
to ~850°C). Nevertheless, when the amount of the source material is increased, 
large quantities of dark-brown wool-like products can be achieved, and a layer of 
yellow-brown wool-like products is also found to deposit at the relatively higher 
temperature zone (from�1150°C to -1000°C ) together with them, which is similar to 
the that of the control experiment. 
Similarly, SEM and TEM images were taken from the products located at the 
high (�1150°C)，medium (�1000�C)，and low (~900°C) temperature zones, 
respectively. The corresponding results are shown in Figure 4-5 to Figure 4-8. 
Products located at the high temperature zone have similar morphology as their 
counterparts obtained in the control experiment (Figure 4-6). Nevertheless, their 
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size is smaller, i.e., the diameter of the Si tip decreases to � 1 5 0 nm, and that of the Si 
nanowire and SiOx nanowire connecting to the tip decreases to �8 0 nm. Si ribbon 
and tadpole-like Si nanowires are observed in the medium temperature zone, as the 
major morphology format. Their low magnification TEM images are shown in 
Figure 4-7. The width of the nanoribbon is � 6 0 nm, and the diameter of the 
tadpole-like nanowires is less than 20 nm. Products located at the low 
temperature zone do not show any obvious difference in both morphology and 
microstructure, when compared to those synthesized in the control experiment, as 
revealed in Figure 4-8，i.e, the length of them can be several tens microns or even 
more, and the diameter is � 2 0 nm. They are of single crystalline nature with 
surfaces wrapped by the SiOx layers (thickness of 3 -5 nm). Their growth directions 
are mainly along the crystalline Si < 1 1 0 �a n d <112�directions. 
Similar morphologies and microstructures are also obtained when the source 
material is changed to highly doped Si wafers. The corresponding low magnification 
and high-resolution TEM images of the fine Si nanowires (collected from the low 
temperature zone) are shown in Figure 4-9 and 4-10 for the p-, and n-type Si wafer 
sources, respectively. 
Nevertheless, one should note that Ar-10%H2 has been used as the processing 
gas together with the Si wafer source for the aforementioned results. The surfaces of 
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the Si wafer sources are always severely "etched" but with major parts left 
unconsumed after the experiments. When the carrier gas is switched to pure Ar, 
almost no product can be obtained, and the Si wafers are almost intact. 
4.3 Discussions 
4.3.1 Growth Mechanism of the Modified SiNW Synthesis Method (use smashed Si 
wafer) 
4.3.1.1 Comparison with the OAG 
The above results demonstrate that the as-synthesized Si nanowires have little 
difference in both morphologies and microstructures with those obtained in the 
control experiment, indicating that such growth process is governed by OAG 
mechanism as well. In brief, Si and SiOi in the nanowires come from the 
disproportionation reaction of the SiO vapor (at around 930°C [26]), as described by 
the following equation: 2SiO = Si02+ Si. Si clusters nucleate and grow from the 
vapor phase when supersaturation is achieved, while the Si02 prefers to attach on the 
{111} surface of the Si, as O can terminate the Si surface dangling bonds. As a 
consequence, the growth of Si crystal along the <111�directions is inhibited and the 
growth along specific direction(s) becomes dominant. Therefore, Si nanowires 
following this kind of growth usually have the growth direction of the Si crystalline 
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< 1 1 2 �o r <110�direc t ion , with the {111} or {100} planes as the termination surfaces. 
[27] 
4.3.1.2 Yield Dependence on the Surface Area of the Si Wafer 
The smashed Si wafers used as starting material were always not exhausted in 
our experiment. Only their surface was consumed (as the polished surface became 
very rough) but the interior was always left. Extending the deposition time did not 
bring too much improvement of the yield when the amount of source was fixed. 
However, when the amount of wafers was increased, the yield of the SiNws 
increased obviously. This indicated that the yield of SiNws is surface area 
dependent in our experiment. 
4.3.1.3 The Importance of H2 
The presence of H2 in the synthesis system appears to be important. When pure 
Ar is used as carrier gas, little product can be obtained, which is consistent with the 
results reported in literature [26]. The effect of H2 may be interpreted by the 
following chemical reactions: 
Si02 (g) + Si (g) = 2SiO (g) (1300�C，AH …327 .2 kJmor ') 
H2 + 2Si02(g) + Si (g) = H2O (g) + 3SiO (g) (1300°C, A H � - 3 4 6 . 6 kJmor^) 
H2 + Si02 (g) = H2O (g) + SiO (g) (1300°C，AH �- 1 9 . 4 kJmor^) 
In general, there are three routes that the SiO can be generated, as shown in the 
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above three chemical reactions. All of them require the presence of SiC^，which 
can only exist on the surface of the Si wafer. This is, in fact, consistent with the 
experimental observation that only the Si wafer surface is consumed during the 
deposition process. The high temperature (1300°C) and low pressure (300mbar) 
during the deposition process make it possible to evaporate both the native oxide and 
small amount of Si into the vapor phase. Although the first chemical reaction could 
lead to SiO formation, such reaction usually happens at a slow rate. With H2 gas 
participating into the chemical reactions, the formation of the SiO is significantly 
promoted. Moreover, the H2O generated could further oxidize Si wafer to SiCh. 
Once the SiO is formed, the SiNWs growth proceeds via the conventional OAG 
mechanism as discussed earlier. On the other hand, residual amount of oxygen 
always presents in the tube furnace due to the poor vacuum Torr) that can be 
achieved. In this regard, the introduction of H2 also prevent the as-formed SiNWs 
being reoxidized to SiOx, which agrees with the experimental observation that 
smaller amount of SiOx nanowires is obtained by the modified method compared to 
those in the control experiment. 
4.3.2 Advantages of the Modified Method 
4.3.2.1 Stable and Low Supersaturation Level (in comparison with the conventional 
OAG method using SiO powder) 
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The appearance of different morphologies of the products located at higher 
temperature zones (�1200°C to ~1000°C) is caused by the higher supersaturation 
level of the SiO in the vapor phase. This is observed in the control experiment and 
the experiment, in which large amount of Si source wafers are used. Although we 
can decrease the amount of source SiO powder in the control experiment, it is 
difficult to control the evaporation rate of it, which turns to be extremely fast. As a 
result, the SiNWs growth is always fast and many times with mixed morphologies. 
In comparison, the modified method associates with a intrinsically slow evaporation 
rate of the Si and the native oxide, and thus a slow but stable supply of the SiO for 
the SiNWs growth. This factor turns to be critical for the later ID Si-metal junction 
growth, which will be further discussed in Chapter 6. 
4.3.2.2 A Possible Method to Achieve SiNW Doping. 
The other advantage of the method is that it may be a possible convenient 
manner to achieve Si nanowires doping. When highly doped n- or p-type Si wafer 
are used as the source material, the dopants atoms, which are originally inside the 
wafers have a chance to come out simultaneously with Si or SiO vapor during the 
reaction and evaporation process of the wafers. It is thus expected that some 
dopants atoms can be incorporated into the Si nanowires during their growth. 
However, verification of this requires further investigations, such as the electronic 
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structure study of those Si nanowires using XPS, and the electrical resistance 
measurement of a single Si nanowire. 
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Figure 4-1 SEM images of products locating at high (1200�C)，media (1050°C), 
and low (900°C) temperature zones, which synthesized using SiO powders as source 
materials. 
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Figure 4-2 Low magnification TEM images and diffraction patterns of the products 
collected at �1 1 5 0 ° C regain, which synthesized using SiO powders as source 
materials. 
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Figure 4-3 Low magnification TEM image and diffraction pattern of the products 
collected at ~ 1050°C regain, which synthesized using SiO powders as source 
materials. 
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Figure 4-4 Low magnification and high-resolution TEM images of the products 
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Figure 4-5 SEM images of products locating at high (1150°C), media (1000°C), 




Figure 4-6 Low magnification TEM images of the products collected at - 1150 C 
regain, which synthesized using Si wafers as source materials. 
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Figure 4-7 Low magnification TEM images of the products collected at � 1 0 0 0� C 
regain, which synthesized using Si wafers as source materials. 
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Figure 4-8 Low magnification and high-resolution TEM images of the products 
collected at � 9 0 0 °C regain, which synthesized using Si wafers as source materials. 
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Figure 4-9 Low magnification and high-resolution TEM images of the products 
collected at � 9 0 0� C regain, which synthesized using p type Si wafers as source 
materials. 
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Figure 4-10 Low magnification and high-resolution TEM images of the products 
collected at � 9 0 0 °C regain, which synthesized using n type Si wafers as source 
materials. 
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Chapter 5 One-dimensional Au-Si Heterojunctions 一 
Microstructure and Phase Evolution under Electron Beam 
Irradiation 
Based on the SiNWs synthesis method introduced in Chapter 4，the Au/Si nanowire 
heterojunctions wrapped by Si02 surface layer were obtained by introducing Au to 
the deposition system. In this chapter, detailed microstructure analysis of the 
as-synthesized ID Au-Si heterojunctions is presented. It is found that nanochannels 
exist in-between the Si-core/SiOz-sheath close to the junction, which provides a 
flowing path for the Au at elevated temperatures due to the electron beam irradiation. 
The Au-Si interactions during the flowing process lead to an interesting phase 
evolution of the junction system, which eventually result in self- formation of the 
secondary nanostructures at the original Si/Si02 interface. The mechanisms of both 
the Au flow and the flow-induced nanostructure formation are discussed in detail. 
5.1 Experiment 
The synthesis was carried out in the same system as mentioned in Chapter 4. 
Au coated Si wafers were used as substrates, which were placed on the alumina boat 
locating in downstream of the alumina tube. Other experimental conditions 
remained the same as those described in Chapter 4. 
Major equipments employed for the characterization of products are also the 
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same as those mentioned in last chapter. In addition, energy dispersive x-ray (EDX) 
and elemental mapping of the compositional elements were performed using an 
energy dispersive spectrometer (Oxford Instrument), and Gatan Image Filtering (GIF) 
system attached to the transmission electron microscope. Besides conventional 
TEM sample prepared by fishing the products on a carbon film, the cross sectional 
TEM sample, which was prepared by microtome, were also examined. 
5.2 Microstructure Analysis of the As-synthesized One-dimensional Au-Si 
Heteroj unctions 
Figure 5- la is a typical SEM image of the as-synthesized product, which 
demonstrates the wire-like morphology. Brighter contrast is observed in the 
flower-like tips and some portion of the nanowires (as marked by arrows in Figure 
5-la) , indicating a larger scattering factor and thus a higher atomic number of the 
component. Together with the EDX spectrum taken from the same sample, which 
shows the presence of Au, Si and 0，the light/dark contrasts in the nanowires suggest 
the existence of ID heterojunctions. Such heterojunction is clearly observed in the 
low magnification TEM image in Figure 5-lb, in which dark/light/dark contrast is 
observed along the nanowire growth direction, with the dark contrast suggesting 
higher mass thickness. The TEM image of the flower-like tip of the nanowire can 
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be found in the inset of Figure 5-lb. The surface of the nanowire is covered by a 
light layer, which appears to be amorphous. The elemental maps (Figure 5- lc and d) 
taken from the same nanowire, give a clear picture of the spatial distribution of the 
compositional elements Si and 0，demonstrating the Si-core/Si02-sheath nanocable 
configuration. The elemental map of Au is not available due to its large mass and 
physical thickness of the nanowires, which makes the electron non-penetrating. 
In order to clarify whether the dark contrast observed in Figure 5- lb originates 
from gold or gold silicide, the as-synthesized nanowires were etched in HF to 
dissolve the Si02 sheath. EDX spectrum taken from the sample regions with dark 
contrast shows the presence of Au only as demonstrated in Figure 5-2. Furthermore, 
cross sectional nanowire samples were prepared by cutting the nanowires using 
microtome. The elemental maps (Si, 0，and Au) and the high-resolution image 
taken from such specimen confirm the single crystalline Au instead of any other 
possible phase of gold silicide (Figure 5-3). 
The Si portion in the nanowire junction is of single crystalline nature, as 
demonstrated by the high-resolution image taken from the Si portion of the nanowire 
(Figure 5-4a). Most of the Si nanowires grow along the crystalline <112�direct ion, 
which can be identified from the high-resolution images taken from both the Si 
portion in a conventional sample and that in a cross sectional sample (with its 
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corresponding low magnification TEM image shown in Figure 5-4b) in the Figure 
5-4a and 5-4c. 
The above experimental results demonstrate that the as-synthesized products 
have single crystalline Au-Si junction (core)/Si02 (sheath) configuration. 
5.3 The Au flow and Phase Evolution of the Au-Si Heterojunctions under the 
Electron Beam Irradiation 
5.3.1 The Phenomenon 
The as-synthesized Au-Si junction structure is not stable under the electron 
beam irradiation. The first interesting phenomenon observed is the flow of the Au. 
Figure 5-5a-d illustrates the evolution of the nanowires junction when the electron 
beam probes are focused at different locations of the nanowires (as marked by arrows 
in Figure 5-5). Figure 5-5a is the initial stage of the nanowire, in which a clear 
Au-Si junction wrapped by Si02 can be observed. When the electron beam is focus 
at the region marked by arrow in Figure 5-5a, the Au is found to flow to the Si region 
immediately (Figure 5-5b), covering a large portion of the original Si wire. Such a 
flow process is reversible, as the electron beam is moved and focused at the newly 
covered region (as marked by arrow in Figure 5-5b), the Au can flow backwards 
(Figure 5-5c) and leave the Si wire region almost intact (as demonstrated by the 
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high-resolution image taken after the Au backflow, Figure 5-6). The flow process 
can be repeated back and forth as many times as one desired (Figure 5-5d). 
Nevertheless, one should notice that the junction structure is not perfectly intact 
after the e-beam irradiation induced flow process, as numerous dark particles are 
observed in the Si02 sheath at different distance away from the Si core. This is, in 
fact, the second interesting phenomenon observed under the e-beam irradiation. To 
illustrate the formation process of these dark particles, a series of high-resolution 
images are taken following the movement of one of the dark particles (Figure 5-7a-d). 
Figure 5-7a shows a high-resolution image of one dark particle initially formed at the 
Si-core/Si02-sheath interfacial region, and Figure 5-7b-d are high-resolution images 
taken at the same location of the sample after 5, 10 and 20 minutes, respectively, 
when the focused electron beam is removed from the region. Lattice analysis of 
the newly-formed material situated in-between the original Si core and the dark 
particle suggests that it is crystalline Si, epitaxially grown on the original single 
crystalline Si core with many stacking faults/twins formed along its growth direction. 
Lattice analysis of the dark particle after longer time (when the growth process if 
fully stopped) indicates that it is pure Au (Figure 5-8). 
5.3.2 The Mechanisms 
The observed flow of the Au under the electron beam irradiation suggests the 
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liquid nature of the Au during the flow process. This is reasonable considering the 
large mass thickness of the specimen, which would induce much multiple scattering 
of the high energy electrons within it and thus much heat generated [31]. Two 
routes might be possible to enable the observed Au flow under the e-beam irradiation, 
one is through the bulk crystalline Si lattice, and the other is through "nanochannels" 
presented at the Si-core/SiOz sheath interface. Nevertheless, the fast occurrence of 
the flow process (within 1 second after the focused e-beam probe is moved to the 
area of interest) and the intact Si lattice after flow iterations suggest that the dififtision 
of Au through the bulk Si crystal lattice is not likely [33]. Considering the loose 
amorphous nature of the Si02, a more reasonable flow route is through the 
"nanochannels" presented at the core-sheath interface. Moreover, the nanowire 
junction is grown at rather high temperature (1100�C). When the whole system is 
cooled down to room temperature, the different thermal expansion coefficient of Au, 
Si and Si02 results in volume difference of the three, especially at the junction region, 
which leads to the "nanochannel" formation close to the junction. This is consistent 
with the experimental observation that the gold flow is always limited to the region 
that is close to the Au-Si junction, and cannot be extended along the Si portion 
infinitely. 
One should expect that such flow process is completely reversible if there is no 
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interaction occurring between the flowing Au in the nanochannel and the Si core. 
Unfortunately, it is not the case. Although the crystalline lattice of the Si core is 
seemingly intact, particle-like features always present near the Si core, even for 
observations made immediately after single time flow experiment. In fact, this 
agrees with the literature reports of the Au-Si reactions and the formation of Au-Si 
alloy at elevated temperatures [16, 17]. Once the alloy is formed, it sticks to the Si 
core surface and does not necessarily flow back together with the liquid gold under 
further electron beam irradiation. More interestingly, when the focused electron 
beam is removed from such area, we observe the epitaxial Si nanobranch growth on 
the primary Si core. This is a rather similar process to the VLS mechanism 
governed Si nanowire growth, in which the supersaturated Si continuous precipitates 
out from the Au-Si alloy tip [19，20]. After the Au-Si alloy has been formed on the 
Si-core/Si02-sheath interface, the removal of the focused electron beam leads to 
temperature decrease in the alloy region. Unlike the VLS process, in which the Si 
supersaturation in Au is achieved via the continuous supply of Si from the vapor 
phase, the supersaturation and precipitation of Si from the interfacial alloy is realized 
by the slowly reducing temperature [19]. This is also consistent with the 
experimental observation that such temperature reducing and thus the Si nanobranch 
growth process usually take some time. As a consequence, the final configuration 
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would always be Si nanobranch epitaxially grown on the core Si with a Au-rich tip 
away from the original Si-core/SiO! sheath interface—a typical supersaturation 
resulted morphology [19, 20]. The epitaxial relationship can be easily understood 
by the minimum energy requirement, i.e., such configuration associates with the 
lowest interfacial energy and thus the lowest total energy of the whole system [19]. 
We would speculate that the loose amorphous nature of the SiO� is also important in 
the observed Si nanobranch growth, as it provides open space for the extra amount of 
material. 
5.4 Conclusions 
In conclusion, ID Au-Si junction (core)/Si02 (sheath) nanostructures have been 
synthesized using simple thermal evaporation. Such junction becomes unstable 
under the focused electron beam irradiation. The heat generated by the multiple 
scattering of high energy electrons in the specimen leads to the melting of the Au, 
which can flow and cover the surface of original Si portion near the Au-Si junction. 
Such flow process is reversible. Moreover, chemical reaction between the Au and 
the Si during the flow process results in the Au-Si alloy formation, which serves as 
the precursor for the homoeptixial growth of the Si nanobranch on the original Si 
core. The observed microstructure/phase evolution of the Au-Si nanowire junction 
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under the focused electron beam irradiation suggests a novel approach to modify and 
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Figure 5-1 (a) SEM image of the as-synthesized sample, showing nanowires with 
light/dark junctions; (b) Low magnification TEM image of single nanowire with 
junctions. The inset of (b) shows the tip morphology of the nanowire; (c), (d) The 
corresponding EELS mappings of the nanowire junction shown in (b), taken by using 
the oxygen K edge at 532 eV, and the silicon K edge at 1839 eV, respectively. 
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Figure 5-2 (a), (c) Low magnification TEM images of the as-synthesized, and the 
HF-etched nanowire junctions, respectively; (b), (d) The corresponding EDX spectra 
taken from the dark contrast region of (a) and (c), respectively. 
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Figure 5-3 (a) Bright field XTEM image of the gold portion, which is wrapped by a 
Si02 sheath; (b)-(d), the corresponding elemental maps of (a), taken by using the Si K 
edge at 1839 eV, O K edge at 532 eV, and Au M edge at 2206 eV, respectively; (e) 
High-resolution image taken from the dark region. 
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Figure 5-4 (a) High-resolution image taken from the Si close to the Si-Au junction; (b) 
Low magnification TEM image of the Si core, which is wrapped by Si02 sheath; (c) the 
corresponding high-resolution image of the Si core in (b). 
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Figure 5-5 Low magnification TEM images showing the flow process of Au when the 
focused electron beam is located at different position of the nanowire junction, as 
marked by the arrows in the individual figures. 
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Figure 5-6 High-resolution image of Si taken after the Au backflow to uncover the 




Figure 5-7 High-resolution TEM images showing the epitaxial Si nanobranch growth 
process on the Si core, (a), (b), (c)，and (d) are taken at Imin., 5 min., 10 min.，and 20 
min.，after the focused electron beam is removed from the area of interest. 
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Figure 5-8 High-resolution image of the dark particle taken after the Si nanobranch 
growth is fully stopped. 
64 
Chapter 6 A General Route to Fabricate One-dimensional Metal-Si 
Heteroj actions 
In Chapter 5 we had introduced the detailed microstructure of the ID Au-Si 
heterojunctions and their interesting phase evolution phenomenon induced by the 
electron beam irradiation. Nevertheless, we did not discuss the formation mechanism(s) 
of such structures. In this chapter, the methodology used for the ID Au-Si 
heterojunctions growth is applied to several other Si-metal systems. As a result, the ID 
Cu-Si，Au-Si02 and Zn-Si02 heterojunctions are also successfully achieved. The 
microstructure of each individual system is carefully investigated, based on which 
results the formation mechanisms of these ID heterojunctions formations are discussed 
in detail. 
6.1 Experiment 
The experimental settings are the same as that in the previous experiments 
described in chapter 4. Au, Cu, and ZnO powders were mixed together with the 
smashed Si wafers as the source materials in different runs, while other experimental 
conditions were kept unchanged. In parallel, SiO/Si powder mixtures used to replace 
the smashed Si wafers source for the comparison experiments (set as the control 
experiment). 
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In the fabrication of ID Au-Si heterojunctions, Au was also attempted to be 
introduced into the system via the Au coated Si (or sapphire) substrates, which has been 
briefly mentioned in Chapter 5. The thickness of the Au layer was controlled by 
changing the deposition time. Substrates with Au layers deposited for 15s, 45s, 90s and 
150s were employed in the experiments. 
Equipments employed for the product characterizations are the same as those 
mentioned in the previous chapters. The EDX was performed in a line scan mode 
using the energy dispersive spectrometer (Oxford Instrument) attached to the STEM. 
6.2 Common Morphology Descriptions (SEM) 
SEM results show that the as-synthesized products demonstrate similar 
morphologies (Figure6-1) despite the different source materials used. All of them are 
wire-like with alternating light/dark contrast appearing along the wire growth directions. 
As the light contrast suggests a stronger electron scattering, and thus a larger atomic 
number of the corresponding material, such light/dark contrasts indicate the formation of 
material heterojunctions in these nanowires. 
6.3 ID Au-Si Heterojunctions 
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6.3.1 General Morphologies 
Using either the Au powder or the Au film (with controlled thickness) yields the 
same results. The morphology and microstructure of the products were not affected by 
the different substrates used.. 
The detailed morphology and microstructure analysis of the ID Si-Au 
heterojunctions have already been described in Chapter 5. In order to make easy 
comparison with the ID heterojunctions made of other material systems, the results are 
only briefly repeated here. The low magnification (bright filed) TEM image in Figure 
6-2a exhibits the typical morphology of the ID Au-Si heterojunctions structure, with the 
dark, and the bright portions corresponding to Au, and Si, respectively. The Si 
nanowire portion has a typical growth direction of the Si crystalline <112> direction as 
demonstrated by the high-resolution TEM image in Figure 6-2b. The lattice image of 
Au is not available in this sample due to its large mass thickness. Nevertheless, the 
crystalline nature of the Au portion has been verified by the lattice analysis of cross 
sectional sample, as described in the last Chapter. Figure 6-2c is the dark-filed TEM 
image of the same nanowire in Figure 6-la, taken by the high angle annular dark field 
detector (HAADF). Figure 6-2d shows the EDX line scan profile preformed across the 
area marked by the line in Figure 6-2c. The profile reveals the existence of Au-Si 
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junction along the scan direction, which is consistent with the results presented in 
chapter 5. 
6.3.2 Effect of the Au Film Thickness on the Yield and Diameter of the Nanowire 
Products 
Obvious variations on the yield and diameter of the Au-Si heterojunction nnaowires 
were observed when the Au layer thickness was varied. Figure 6-3a, b, c and d show 
the SEM images of the products grown on the substrates with gold layer deposition time 
of 15s, 45s, 90s and 150s, respectively. From Figure 6-3a, b, and c, it can be observed 
that the thicker the gold layer, the more the Au-Si junction structures formed, as the 
structures with the bright/dark contrast increase obviously in the total amount of the 
products. Moreover, the junction structures also have larger diameters as the thickness 
of Au layer increases, which can be clearly seen in the low magnification TEM images 
shown in Figure 6-4. However, this trend is interrupted after the gold layer thickness 
reaches a certain value —the yield of the ID Au-Si junction structures was found to 
decrease when Au coating are deposited for 150s (Figure 6-3d). Moreover, TEM 
analysis reveals that the amount of SiOz nanowires with a gold tip increases in this 
sample. 
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6.4 ID Cu-Si Heterojunctions 
The low magnification TEM image of the Cu-Si junctions structure is shown in 
Figure 6-5a. Elemental maps shown in Figure 6-5b to d give a clear picture of the Cu, 
Si and O spatial distribution in such a structure, indicating a ID Cu-Si junction core and 
Si02 sheath configuration. An enlarged TEM low magnification image shown in 
Figure 6-5e gives a clearer view of the junction structure. The corresponding 
high-resolution image (Figure 6-5f) reveals the single crystalline nature of both Cu and 
Si. 
6.5 ID Au-Si02 Heterojunctions 
Small amount of SiO: nanowires with Au particles embedded were also found to 
mix with the Au-Si junction structures. The amount of such nanowires was found to 
increase with more Au being introduced into the fabrication system. A low magnification 
TEM image of multiple Au-particle/Si02 nanowires is shown in Figure 6-6a. A 
high-resolution image of the dark particle (Figure 6-6b) discloses the single crystalline 
nature of the Au particle with stacking faults and multiple twins. The EDX spectra 
shown in Figure 6-6c and d are taken from the particle and the wire regions of the 
nanowires, confirming their composition as gold and silicon oxide, respectively. 
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6.6 ID Zn-SiOi Heterojunctions 
Zn-particle/Si02 nanowires were obtained in the experiment, in which ZnO 
powders were used to provide the metal source. (The yield of such product is relatively 
lower than the other heterostructures, as we hardly found its appearance in the SEM 
observation.) The corresponding low magnification TEM image is shown in Figure 
6-7a. The spatial distributions of Zn, Si and O are clearly demonstrated by the 
corresponding elemental maps in Figure 6-7b, c, and d, respectively. Figure 6-7e is a 
high resolution image of one of the dark particles in such nanowire, the lattice analysis 
of which discloses the single crystalline nature of the Zn particle. 
6.7 Result of the Control Experiments 
The control experiments give similar results as those the previous ones with using 
SiO/Si powder mixture only as the source materials, which has been described in 
Chapter 4. What is different is that a few Si nanowires (<5%) having a metallic tip can 
be found in the products as well. Moreover, when ZnO was used to the starting 
material, most Si nanowires appeared to be oxidized. 
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6.8 Discussions 
6.8.1 General Mechanism of the ID Si-metal Heterojunction Formation 
The general mechanism for the formation of the ID metal-Si heterojunctions 
structures is understood as a combination of the vapor-liquid (VS) and 
oxide-assisted-growth (OAG) mechanisms. Both the vapor of metal and Si were 
released from the source material at elevated temperature due to evaporation or reaction. 
They were than transferred by the carrier gas to the downstream of the system and 
condensed there. However, the growth of Si nanowires is not catalyzed by the 
condensed metal particles but dominated by the OAG process, which incorporate the 
metal particles into the nanowires simultaneously. As a result, the metal-Si core/ Si02 
sheath configuration is obtained. However, the metal and Si have chance to form alloy, 
as the temperature in the regions where the products locate is still high enough ( � 1 0 0 0 
°C) during the synthesis process. It is thus possible for the alloy droplets to be 
incorporated into the Si nanowires. When the growth process was terminated by 
cooling down the furnace to room temperature, (in the alloy) phase separation between 
the metal and Si occurred due to their low solubility in each other. In this regard, it is 
easy to explain the separated multiple junction structures (like shown in Figure 6-lb and 
Figure 6-5，act.) as the result of phase separation in a relatively fast process rather than 
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the automatic incorporation of metal and Si in a "metal-Si-metal-Si" sequence. 
6.8.2 Source of the Si (vapor source and supersaturation control) 
Several reports in the literature have reported the fabrications of Au-SiOz or 
Au2Si-Si02 composite nanowires via directly heating the Au coated Si substrate, which 
have some similarities with the present study. The source of Si has been argued to be 
provided by the Si substrate via a solid-liquid-solid (SLS) mechanism [9, 10]. In the 
present study, the Si source must be coming from the vapor phase via the smashed Si 
wafer located in the center of the tube furnace. This is supported by the previous 
experiments described in Chapter 4 and the comparison experiments using sapphire as 
the collecting substrate, which yield exactly the same nanowire junction results. 
Using Si wafer as the source material to synthesis Si nanowires has been discussed 
in Chapter 4，which associates with a stable and low supply rate of the Si in the vapor 
phase. This is essential for the junction structure formation as it allows the metallic 
phase to be incorporated during the slow growing processing of the Si nanowires. Our 
control experiments using the SiO/Si powder to replace the smashed Si wafer source, 
which supply Si at a much faster rate, only lead to large amount of uniform Si 
nanowire growth with some of them (<5%) having a metallic tip, in a short period of 
time—a typical characteristic of the conventional OAG-govemed Si nanowire growth 
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[34]. 
6.8.3 Source of Metal 
The metallic portion in the nanowire junctions originates from the metal(s) in the 
vapor phase. They self-nucleate and grow at similar temperature zone of the Si vapor 
or form alloy droplets with the Si, and incorporate into the oxide-assisted Si nanowire 
growth. The presence of Si02 sheath on the Si nanowire surface also serves as the 
template for the metallic part growth, which explains the experimental observation that 
the some of the metal portions exist as short nanorods in the nanowire junctions. 
In the case of Au-Si junction formation, the Au can also come from the liquid Au 
particles from the heated substrates originally with a thin layer of Au coating on surface. 
The liquid particle surface has a large accommodation coefficient, so that the Si (and O) 
in the vapor phase preferably adsorb on the surface of the Au particles, leading to the 
nucleation and growth of the Si nanowires. 
As mentioned above, the Au film on the substrates would melt and form liquid Au 
droplets as a result of the surface tension, when the substrates are heated at elevated 
temperatures. In general, the thicker the Au layer, the larger the liquid Au particles will 
be. With the amount of Au source increases, more Au is incorporated into the Si 
nanowires, the yield of the junction structures increases accordingly. Moreover, the 
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diameter of the Au-Si junction nanowire increases obviously, which may be induced by 
the larger size of the liquid Au particles. However, when the amount of Au further 
increases, competition in-between the Si nanowire growth (OAG-assisted) and the 
Au-catalyzed Si02 nanowire growth [29] prefers the later one, which leads to the result 
observed in the sample with Au layer deposited for 150s. 
6.8.4 Effect of the Reductive Atmosphere 
As we have already discussed in chapter 4，the presence of H2 in the system has two 
functions, one is to promote the formation of SiO vapor by participating into the 
chemical reactions with the Si wafer, and the other is to prevent the as-formed SiNWs 
being reoxidized to SiOx. However, small amount of SiOx nanowires are always found 
in the previous experiments, which is understood as caused by the residual O in the tube 
furnace. Similarly, some of the the Au-Si nanowire junctions (locating in higher 
temperature zone) are also oxidized by the same O source, resulting nanostructures with 
configuration of the Au particles embedded in the SiO! nanowire matrix. 
In the experiment using ZnO as the source for the metallic Zn in the heterojunctions, 
H2 would be exhausted via the reaction ZnO + H2 = Zn + H2O. As a consequence, it 
won't be able to provide enough reductive environment. Therefore, the formation of 
large quantities of SiOx nanowires with some of them having Zn particles encapsulated 
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is observed, being consistent with the oxidizing environment. 
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Figure 6-1 SEM images of the Au-Si (a), Cu-Si (b) and Au-SiOz (c) 
heterostructures 
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Figure 6-2 (a) Low magnification TEM image of the nanowire junctions 
synthesized using Au and Si as the source materials; (b) High-resolution image of 
one of the junction regions; (c) The dark field image of the nanowire junctions 
shown in (a), the line mark on the image shows the EDX scan path starting from the 
top to the bottom; (d) The corresponding EDX scan showing the evolution of Si, O 
and Au content of the nanowire junctions along the scan path. 
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Figure 6-3 SEM images of the products formed on the Au coated substrates, on 
which the Au is deposited for 15s (a), 45s (b), 90s (c) and 150s (d), respectively. 
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Figure 6-4 Low magnification TEM images of the Au-Si juncitons formed on the 





Figure 6-5 (a) Low magnification TEM image showing the nanowire junctions 
synthesized using Cu and Si as the source materials; (b), (c), (d) the corresponding 
elemental maps taken by using the Cu L edge at 901 eV, Si K edge at 1839 eV, and O 
K edge at 532 eV, respectively, (e) An enlarged TEM image showing a small 
portion of the Cu-Si nanowire junctions; (f) High-resolution image of such junction 
showing the crystalline lattice of both Si and Cu. 
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Figure 6-6 (a) Low magnification TEM image of the Si02 nanowires with Au 
particles embedded; (b) High-resolution image of the Au particle; (c), (d) The 
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Figure 6-7 (a) Low magnification TEM image of the SiCh nanowires with Zn 
particles embedded; (b), (c), (d) The corresponding elemental maps taken by using 
the Zn L edge at 1020 eV, Si K edge at 1839 eV’ and O K edge at 532 eV, 
respectively; (e) High-resolution image of the Zn particle. 
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Chapter 7 Conclusions 
The method of using Si wafer as the starting material to synthesize Si nanowires via 
thermal evaporation in an Ar-10%H2 atmosphere has been developed, which method 
results in large amount of uniform Si nanowires with the characteristics of those 
grown by the oxide assisted growth mechanism. This method associates with an 
intrinsically slow evaporation rate of the Si and its native oxide, so that the 
supersaturation level of the Si during the SiNWs growth can be finely controlled. 
The presence of H2 in the system is important as it not only promotes the formation 
of SiO in the vapor phase by participating into the chemical reactions with the Si 
wafer, but also avoids the as-formed Si nanowires to be severely oxidized to Si02 
nanowires. 
Based on this method, ID Au-Si, Cu-Si, Au-Si02 and Zn-SiOa heterojunctions 
are successfully fabricated by adding different metal sources during the synthesis. 
The ID Au-Si and Cu-Si structures have the configurations of crystalline metal-Si 
heterojunctions core with an amorphous SiO! sheath,, while the ID Au-Si02, 
Zn-Si02 structures appear in the form of crystalline metal particles embedded in SiO! 
nanowire matrix. The mechanism for the formation of these heterostructures is 
understood as a combination of the VS and OAG mechanisms. The metal vapor 
condenses at similar temperature zone as the Si vapor (or forms alloy droplets with 
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Si), and incorporates into the oxide-assisted Si nanowire growth. The slow but 
stable supply of Si is essential for the junction structure formation as it allows the 
metallic phase to be incorporated during the slow growing processing. The 
reduction environment is another key factor for the metal-Si junction formation. 
Without the appropriate reductive environment, metal-Si02 heterostructure will be 
produced. 
Among these ID metal-Si junction structures, the Au-Si heterojunction exhibits 
an interesting Au flow followed by Si nanobranch growth under the electron beam 
irradiation. It is found that nanochannels exist in-between the Si-core and the 
Si02-sheath close to the junction, which provides a flowing path for the melted Au at 
elevated temperatures caused by the electron beam irradiation. Chemical reaction 
between the Au and the Si during the flow process results in the Au-Si alloy 
formation, which serves as the precursor for the homoeptixial growth of the Si 
nanobranch on the original Si core. 
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